Whitebark pine (Pinus albicaulis Engelm.) forests play a prominent role throughout high-elevation ecosystems in the northern Rocky Mountains, however, they are vanishing from the high mountain landscape due to three factors: exotic white pine blister rust (Cronartium ribicola Fischer) invasions, mountain pine beetle (Dendroctonus ponderosae Hopkins) outbreaks, and successional replacement by more shade-tolerant tree species historically controlled by wildfire. Land managers are attempting to restore whitebark pine communities using prescribed fire and silvicultural cuttings, but they are unsure if these techniques are effective. The objective of this study was to determine how whitebark pine regeneration responds to selective thinning and prescribed burn treatments. We studied changes in diameter growth after restoration treatments using ring width measurements obtained from 93 trees at four sites in Montana and Idaho that were treated in the late 1990s. Overall, the average annual radial growth rates of the trees in treated areas were greater than those of trees in control areas. Specifically, there were significant increases in the growth ratio (180%) in the two sites that were both thinned and later burned. Younger regeneration showed more response to the treatments than older regeneration. All sites showed high variability in post-treatment growth rates across individual trees, with greater variability for trees in treated areas than in trees from the control areas. Results suggest that whitebark pine regeneration can respond to thin and burn release treatments and that managers may see positive results in areas that are treated similarly.
Introduction
Whitebark pine is a foundation species throughout high-elevation forests of the western United States and Canada [1, 2] because it promotes biodiversity and stabilizes ecosystem functions such as water quality and quantity regulation [1, 3, 4] . This slow-growing, long-lived species is well-adapted to the harsh environment where other tree species often struggle [5] . Whitebark pine is an important food source for over 110 animal species [6] . Its large seeds are eaten by many creatures including black bears (Ursus americanus Pallas), grizzly bears (Ursus arctos horribilis Linnaeus), red squirrels (Tamiasciurus hudsonicus Erxleben), and most importantly, Clark's nutcrackers (Nucifraga columbiana Wilson) [4, 6] . Whitebark pine has a mutualistic relationship with the nutcracker, relying on the bird to disperse its heavy, wingless seeds [4] . The Clark's nutcracker harvests seeds from the whitebark pine cones and carries them as far as 60 km away from the parent tree to plant in caches of 1-15 seeds [7] . treatments essential for improving whitebark pine populations across the landscape. The dire situation of whitebark pine was acknowledged by its recent listing as both a candidate species under the United States Endangered Species Act [26] and an endangered species in Canada under the Species at Risk Act [27] . Extensive research and modeling predict that without successful restoration activities, whitebark pine populations will continue to decline, potentially changing high-elevation landscapes throughout the west [25, 28] . Restoration in whitebark pine ecosystems is challenging and costly. Though a variety of proactive actions are used for restoration, such as planting, monitoring, and collecting seed, for this study, we focused only on those treatments that aim to improve tree vigor with the goal of increasing cone crops in the future [29] . Currently, the most effective methods for enhancing tree vigor are believed to be silvicultural cuttings and prescribed burnings that focus on removing shade-tolerant species [3, 25, 30] . These release treatments are commonly designed to free young and mature trees from undesirable, usually overtopping, competing shade tolerant trees [31, 32] . However, little research has been conducted examining the success of release treatments in restoring whitebark pine populations [3] . In this study, we measured the diameter growth of whitebark pine regeneration in stands that were treated using a combination of silvicultural cuttings and prescribed burning. We evaluated growth release primarily as a relative increase in annual radial growth before and after the release treatments of the combination of selective thinning and prescribed burns conducted on the study sites.
Study Objective
The main objective of this study was to examine the change in radial growth response of smaller, non-cone bearing whitebark pine trees, with a diameter at breast height (DBH measured at 1.37 m above ground line) less than 23 cm, to release treatments, focusing specifically on growth ten years pre-treatment and ten years post-treatment. We examined trees from areas that were thinned, prescribed burned, thinned and burned, or retained as controls in the late 1990s and early 2000s. We hypothesized that whitebark pine regeneration in treated units would display an increase in annual radial growth post-treatment, while little or no release would occur in the control sites; this would result from the reduction in competition and increase in available resources imparted by the treatments. In addition, we evaluated tree, stand, and site conditions within the treatment areas that may have influenced whitebark pine radial growth response.
Materials and Methods

Study Sites
We selected four sites in the Northern U.S. Rocky Mountains (Bear Overlook, Beaver Ridge, Coyote Meadows located in the Bitterroot mountains, and Snowbowl located at the south end of the Mission mountains) that were part of the Keane and Parsons (2010) [3] long-term monitoring study examining whitebark pine restoration through selective thinning and prescribed burnings. The four sites were treated in 1999-2001 (Table 1) . All sites were dominated by encroaching subalpine fir with a noticeable decline of whitebark pine. All sites keyed to the Abies lasiocarpa (Hook)/Luzula hitchcockii (Hamet-Ahti) habitat type ( [33] with most on southern aspects from 2100-2400 m above mean sea level. March temperatures ranged from −7.5 degrees Celsius to 4.2 degrees Celsius. Annual precipitation ranged from 66.84 mm to 147.42 mm per year. Pre-treatment measurements were taken by [3] in the mid-1990s in monitoring plots that were re-measured 1-year post-treatment and then every five years for 15-20 years. Details of the pre-and post-treatment conditions, and the implementation of the treatments, are documented in [3] .
Each site was composed of a number of treated and control units. The treated units were thinned, burned, or thinned and burned. The control units were left untouched. The species composition of the four sites was dominated by subalpine fir and whitebark pine (in that order) on the control plots, and by whitebark pine, subalpine fir, and lodgepole pine in the treated units. In the thinned units, three competitive species were removed: subalpine fir, Engelmann spruce, and mountain hemlock (Tsuga mertensiana Bong.). Lodgepole pine (Pinus contorta Douglas ex Loudon) was not removed because it was assumed that this species did not negatively impact whitebark survival [34] . In burn-only units, prescribed fires were hand-ignited with drip torches, except for Beaver Ridge units, which were ignited via a truck-mounted flame thrower and a heli-torch [3] . Fires were allowed to burn freely, resulting in a mixed-severity fire with unburned areas intermixed with burned patches. Prescribed burn treatments were conducted to kill 90% of the non-whitebark pine trees and leave 90% of whitebark pine trees alive [3] . The thin-burn units were first thinned to remove competitive species and then broadcast burned to dispose of the slash. These units burned more evenly due to the connectedness of the unpiled fuels [3] . Of the mix of treatments in the four study areas, we focused on four treatment types (including control) for this study because of logistical issues: access, time since treatment, and date of measurement. We selected a thinned only unit at the Snowbowl study site, a thinned and burned unit at both the Bear Overlook and Coyote Meadows sites, and a prescribed burn only unit at both the Coyote Meadows and Beaver Ridge study sites (four treatments altogether, including control; Table 1 ). Table 1 . Location of study sites, year of treatment (Trt), number of units sampled, treatment type, and pre-and post-treatment (Trt) basal areas (BA; m 2 ha −1 ) in the long-term monitoring plots in both control and treatment units (Keane and Parsons 2010) [3] . Pre-BA = average pre-treatment basal area, collected from the monitoring plots before the treatment occurred, the year of data collection is in parentheses. Post-BA = average post-treatment basal area, collected from the monitoring plots 1-15 years after treatment occurred, the year of data collection is in parentheses. 
Study
Field Sampling Methods
To evaluate the efficacy of the treatments described by [3] for improving tree vigor, we established plots within the treatment units (control, prescribed burn, thinning, and both) and then selected saplings within these plots and extracted cross-sectional samples (increment cores or stem cookies) from the saplings. Plot locations were selected at random from a grid of points overlaid on the unit and located with a global positioning system (GPS) unit. Once the plot center was located by the field crew, a fixed area 0.04 ha circular plot was established. North and east photos were taken from plot center to provide a visual description of the plot. FFI methods [35] for measuring plot and tree characteristics were used to collect plot specific information. Universal Transverse Mercator (UTM) coordinates, elevation (m), landform, aspect, slope, ground cover, and habitat type [5] of each plot were recorded. The height, DBH, and status (healthy, unhealthy, sick, dead) of all trees (>11.4 cm DBH) within the plot boundary were also collected. The same information was collected for all of the saplings on the plot (trees < 11.4 cm DBH). Seedlings (trees < 1.37 m in height) were tallied by species and height class on a nested fixed area 0.004 ha plot using the same plot center as the 0.04 ha plot.
We selected one to four sample sapling trees from within the 0.04 ha plot. These trees were growing on the plot before the treatments occurred. The sample trees were selected by diameter class (four DBH classes) and health/vigor ratings adapted from [36] ponderosa pine (Pinus ponderosa Douglas ex C.Lawson) classifications ( Table 2) to ensure that no particular size class or vigor group was favored. Changes were made to the original tree classes to better fit the morphology of whitebark pine with guidance from Kipfer [37] . Table 2 . Vigor ratings used to select sample trees. None of the sampled trees had signs of white pine blister rust or mountain pine beetle attacks. Classes were modified from the Keen (1943) rating system.
Vigor Classes
Class Descriptions
4-Full vigor
Crown-Full vigorous crowns, with a live crown ratio of 55% or more, average width or wider with density average or better Foliage-Needles are average length or longer, dense clusters Position-Usually isolated or dominant, rarely codominant with regard to the other trees close by
3-Good to fair vigor
Crown-Good to moderately vigorous crowns, with a live crown ratio of 30-55% assuming average width and density; or a longer crown if narrow or somewhat thin, not sparse or patchy Foliage-Needles average length, dense clusters Position-Usually codominant, but sometimes isolated or dominant, rarely intermediate
2-Fair to poor vigor
Crown-Fair to poor crowns, with live crown ratios of 10-30% if of average width and density, or long, sparse, narrow, or flat on one or more sides Foliage-Needles are often short and thinly distributed, but of normal length and density when confined to top third of crown The height (m) and DBH (cm) of the tree was measured and the tree evaluated for the health and vigor rating. For trees ≥ 5 cm DBH, one increment core was removed from the base of the tree, perpendicular to the slope to avoid compression wood. Cores were placed in paper straws for storage and transport. Trees < 5 cm DBH were cut at the base of the tree, and five discs were removed: one from the base and the other four at evenly spaced intervals up the tree (only the base disc was evaluated in this study).
Laboratory Procedures
All recorded field data were entered into the appropriate FFI databases [36] along with individual photos of the trees measured at each plot. Cores and tree sections were sanded with a belt sander and then hand-polished, then scanned using an Epson platform scanner at 1200 dpi. If the tree rings were hard to discern at this resolution, a slice of the specimen was removed using a rotary microtome, stained with a blend of Safranin and Astra Blue dye, mounted on a slide, and rescanned. Cores were crossdated and annual radial growth measured using CooRecorder 7.8 (Cybis Elektronik & Data AB). We verified dating using CDendro (Cybis Elektronik & Data AB) and created chronology for each site (site specific series intercorrelation = 0.35-0.4; mean sensitivity = 0.3).
Data Analysis
We calculated the basal area (BA) of each tree using DBH and then summed to obtain a plot-level basal area estimate. We used the dplR package [38] in RStudio [39] to determine cross-sectional basal area increments (BAI; mm 2 year −1 ) from the ring widths measured from the core or disc taken at the base of each tree (not breast-height) from the ring year of sampling back to the year of germination. We then used BAI measurements to calculate growth ratios (GRs), relating growth post-treatment to growth pre-treatment. GRs greater than 1.0 translate to an increase in growth after treatment, and GRs less than one correspond to a decrease in growth. GR was calculated by dividing the post-treatment 10-year BAI by the 10-year pre-treatment BAI. We used an analysis of covariance (ANCOVA) to explore factors that might influence radial growth response [39] . The importance of these factors and interactions were assessed at a significance level of 0.05. Two-sample t-tests were also conducted to evaluate differences between the average GRs of trees in the control areas and of the trees in the treated areas. The data were checked for possible outliers using both Tukey's range test and an analysis of the standard deviations around the mean [40] . The other conditions necessary to perform a two-sample t-test were also checked. Independence of the trees within plots was assumed, in part because none of the trees were taken from clusters. Normality of the data was evaluated visually using histograms and normal-quantile plots.
Results
In total, we sampled 93 trees with DBH < 23 cm from the control and treatment units of four sites in Idaho and Montana that received release treatments between 1999 and 2001. Trees sampled from treated units ranged in age from 17 years old to 201 years old, with an average age of 65 years (Table 3 ). Trees sampled from the control units ranged in age from 24 years old to 269 years old, with an average age of 81 years. Coyote Meadows had the youngest sampled trees, with a mean age of 56 years old, while the trees at Snowbowl were on average the oldest, with a mean age of 108 years old ( Table 3 ). The species composition of the four sites was dominated by subalpine fir and whitebark pine (in that order) on the control plots, and by whitebark pine, subalpine fir, and lodgepole pine in the treated units. Table 3 . Age (yrs) and basal diameter (BD; cm) characteristics of the trees in the control and treatment units at the four sites. n is the sample size from each site. Age range: youngest to oldest sample trees from the site. Mean age: average age of all trees from the site with standard deviation in parentheses. Median BD: median basal diameter (cm) of trees sampled. Mean control age: average age of the trees sampled in the control units, standard deviation in parentheses. Mean trt. age: average age of the trees sampled in the treatment units. Median BD was used rather than the mean due to the modest sample size at each site and the presence of large BD trees, which disproportionally raised the average BD of the site. All of the Keane and Parsons [3] long-term monitoring plots in the treatment and control showed a decrease in stand basal area between the pre-treatment and post-treatment measurements ( Table 1 ). In the control units, the agent of mortality could not be determined, however, all tree species were affected equally. The long time interval between measurements (4-19 years) at the monitoring plots did not allow us to determine exactly when mortality occurred. After aging the sample trees, we found a positive correlation (r = 0.55) between tree basal diameter (BD) and age. The sample tree site distribution was heavily skewed towards the smaller trees.
The average annual BAI (mm 2 year −1 ) for whitebark pine trees varied by site and treatment (Table 4) . At Bear Overlook, the average BAI before treatment in the control was 232.43 mm 2 year −1 , and the average BAI of the thinned and burned unit was 204.05 mm 2 year −1 . After the treatment, the average BAI of the control unit decreased to 209.98 mm 2 year −1 , but the average BAI of the thinned and burned unit increased to 277.07 mm 2 year −1 ( Table 4 ). The pattern was the same at Beaver Ridge, where the average BAI decreased in control units and increased in the treated units. The average BAI increased in all units at Coyote Meadows, though the increases were proportionally greater in the treated units. Conversely, average BAI declined in all units at Snowbowl, though the decline was proportionally greater in the control unit (Table 4 ). Table 4 . Site, treatment, number of units, tree sample size (n), mean BAI (basal area increment; mm 2 year −1 ) before and after treatment with standard deviation in parenthesis, mean growth ratio (GR), and standard deviation in parenthesis. ** = statistically significant difference at p < 0.05, GR greater than 1 indicates an increase in growth after treatment. GR less than 1 indicates a decrease in growth after treatment. Within a site, the mean GR was greater (105-215%) for all of the treated units than the control units. Site-level t-tests indicated that units that were thinned and later burned (Coyote Meadows and Bear Overlook) had a significantly higher GR than controls (p = 0.05; Table 4 ). The difference in mean GR in the burn-only unit at Coyote Meadows was marginally significant (p = 0.1). The other burn-only unit, at Beaver Ridge, showed an increase in GR of 2.49 versus 1.59 in the control unit. Yet owing to the small sample size and the high variability of growth rates between trees, the difference between the treated and control means was not statistically significant. The thinned unit at Snowbowl showed almost no difference in GR between the treated unit and the control unit (Table 4) .
GR varied greatly among trees and this variation could only be partially explained from measured tree, plot, and site factors (Table 5 ; overall model R 2 = 0.53). Two trees were identified as potential outliers in terms of GR: one at Bear Overlook and one at Beaver Ridge. These trees were growing much faster than the others. They were not removed from the dataset, however, because no errors could be found in the tree data. Some of the variability in GR was attributable to treatment: in particular, ANCOVA results showed that sample trees in treatment units had higher GRs than those in control units (p = 0.0009; Table 5 ). In addition to treatment effects, tree age negatively impacted GR, albeit in a manner that varied by site (Table 5, Figure 1) . In contrast, the aggregate basal area (BA) of the sample tree plots as measured in 2016-2017 did not influence GR (p = 0.76; Table 5 ). 
Discussion
Given the rapid decline of whitebark pine throughout much of its range, and the expense of ecological restoration, questions about whether and how whitebark pine regeneration responds to treatments are crucial for future management of the species [28] . This study is the first to examine the radial response of whitebark regeneration to release treatments. The difficulties of accessing and locating healthy whitebark pine regeneration resulted in a modest sample size for this study. Overall, we found that restoration treatments increased tree vigor, as evidenced by increases in GR. However, the high variability in growth among trees in treated units as well as the lack of data on tree vigor or competition immediately post-treatment did not allow us to attribute this increase in growth to any single treatment factor.
A previous study found similar results in mature whitebark pine. Keane et al. [34] examined stem cross-sections from 59 mature whitebark pine sampled from 21 logged stands where most of the competing tree species were removed by logging activity and not as part of a restoration treatment. Of all the trees sampled, 14 were excluded from analysis because they did not have enough rings to calculate pre-logging growth. Of the remaining trees, more than 80% showed an increase in radial growth. Similar to this study, the trees also showed a large amount of variability in their growth response to the treatment. Site specific factors such as temperature and precipitation were ruled out as the cause for the increased ring width because the year-to-year growth trends did not correlate with these climate variables [34] . Some trees immediately increased their radial growth after logging, while others experienced a lag of up to 15 years before they showed any response to the treatment. The few saplings included in the study decreased in radial growth immediately after treatment. This was attributed to a lack of established root systems and foliage to support the sudden increase in available resources. Our findings are consistent with those of Keane et al. [34] in regard to increased radial growth in treated stands post-harvest. Our study found that younger trees tended to show a greater increase in GR than did older ones, possibly due to the plasticity of key traits such as root development and leaf morphology, which may be linked to tree vigor, but this was unable to be determined in this study (Table 4, Figure 1 ). This highlights the fact that diameter is not a good surrogate for age-some of our saplings were over 100 years old-and suggests that once whitebark trees in the understory reach an advanced age they may respond slowly or poorly to release treatments.
Aggregate basal area did not affect GR. This may be because the plots were too large to capture neighborhood tree competition, or because aggregate basal areas were affected by multiple factors between 2000 and 2016-2017. Similarly, plot elevation did not appear to influence GR, possibly due to the small differences in elevation between plots within sites (variation among sites is absorbed by the site factor variable). Interestingly, vigor class of the sample trees-as measured in 2016-2017-also did not influence GR. The vigor classifications used in this study were modified from a crown ratio classification system used for ponderosa pine (Pinus ponderosa Lawson and C. Lawson) and may not have been sufficient for accurately classifying whitebark pine. Alternatively, the vigor observed in 2016-2017 may not represent the status and dynamics of tree vigor prior to and within 10 years of treatment.
An unexpected issue that we encountered during the study was the high amount of tree mortality occurring in the control units post-treatment ( Figure 2 ). In the treated units, the reduction in stand basal area was assumed to occur mostly around the time of treatment. However, in the control units, considerable mortality for all species occurred over time. We assessed the causes of mortality as drought stress, spruce budworm (Choristoneura fumiferana Clemens), and non-specific fir die-off in the subalpine fir and spruce, and white pine blister rust and mountain pine beetle in both pines. Since this mortality occurred gradually, we assumed trees in control units are also likely experiencing a reduction in competition and concomitant slow release because of the high mortality. While this complicates assessment of the direct treatment impacts on GR, it suggests our treatment comparisons of GR are conservative and differences in controls without mortality could be expected to be even more pronounced. We focused specifically on average ring growth 10 years pre-and post-treatment. Due to this relatively short time window, we were unable to fully examine the duration of the release that the trees may experience. Some of the trees in the study by Keane et al. [34] still showed positive ring width responses up to 20 years after the harvest. Additionally, other trees experienced lag times of up to 15 years before responding to the release treatment. The narrow window of time after treatments (15 years) we studied may be insufficient for determining how long the whitebark saplings respond to treatment. It also constrains the ability to determine if trees that had no significant increase in GR are simply experiencing a lag due to the sudden removal of competition after treatment and will eventually respond or will simply never respond.
The universally high variability in GR among trees in this study was only partially attributed to measured site and tree factors (R 2 = 0.53). The unexplained portion could be due to a variety of unmeasured factors such as variations in microsite, competition, or exposure. Notably, the variability between trees in the control area was less than that of the treated areas except at Snowbowl (Table 4 ). In the control sites, the basal areas of the plots were fairly similar plot to plot [3] , and there was also less variability in the GR of the trees. In the treatment units, the basal area of the plots varied greatly [3] and there was more variability in the GR of the sample trees. Because we did not measure neighborhood competition from other trees within and outside a plot, our models were unable to determine if this affected GR (Figure 3 ). Limiting factors such as nutrients, water, snowpack, or light, can change how a tree responds to changes in the environment [41] . It may be that some of the younger, smaller sample trees were limited by nutrients or competition effects reducing foliage and existing root systems, and therefore showed more variability in their annual growth when compared to other small trees from the same site. Additionally, older, larger trees may have more developed crowns and, presumably, more extensive root systems, and therefore may be less reactive to site-specific seasonal variation, resulting in smaller variations in GR [41] . Furthermore, some of the variability observed in GR may be due to tree genetics. Liu et al. [42] found clear genetic differentiation among seed families and spatial patterns of several genetic subgroups of whitebark pine. In addition to genetic variation, some of the variability between individual trees may be traced back to the seed source. Leirfallom et al. [10] examined seedling density and seed source health (health defined as parents that were rust and beetle free). Their study found a higher density of seedlings in areas with healthy seed sources, suggesting that healthy parents lead to healthy offspring. Trees from healthy seed sources may grow and respond better to release treatments than trees from unhealthy seed sources.
Restoration and Management Implications
Despite the difficulties of restoring high-elevation ecosystems, managers are beginning to implement treatments that aim to mimic historical disturbance regimes in whitebark pine stands [3] . Whitebark pine has a competitive advantage until more shade-tolerant species begin to out-compete the species [3] . With continued suppression of wildfire in whitebark pine environments, managers may need to rely on silvicultural cuttings and prescribed fire as a means of restoring whitebark pine to the landscape. These treatments are usually used in late seral stands with large proportions of suppressed whitebark pine in the understory. By reducing competition, suppressed trees have access to more resources and therefore a greater probability of surviving, showing increased growth rates and eventually developing into cone-producing adults [34] . Results from this study show that thinning and prescribed burning treatments can indeed increase tree growth (Table 4 ) and hopefully enhance future cone crops.
The study sites for this project are part of an on-going restoration project, established in the mid-1990s, which applied a mix of silvicultural treatments and prescribed burns to five whitebark sites in the Bitterroot Range of Montana, USA, to examine the outcome of restoring whitebark pine ecosystems to historic stand structures. Ten-year results from Keane and Parsons [3] show that whitebark pine presence is increasing in these treated areas. There is also a low prevalence of white pine blister rust in new seedlings and little to no signs of mountain pine beetle attack in mature trees [3] . The main drawbacks of restoration efforts like these are that they are labor intensive, practical only on a small-scale basis, and limited by road access. Prescribed burns can only be conducted during a small window of time, are expensive to carry out, and labor intensive. They provide a short-term solution for managers seeking to save current populations of whitebark pine. Results from growth analysis projects like ours, which examine how advanced-aged whitebark regeneration responds to treatments, add additional evidence that whitebark pine saplings can respond to a variety of restoration methods. 
